Reactive oxygen species (ROS) formation is closely related to miconazole-induced heart dysfunction. Although rhamnetin has antioxidant effects, it remained unknown whether it can protect against miconazole-induced cardiomyocyte apoptosis. Thus, we investigated the effects of rhamnetin on miconazole-stimulated H9c2 cell apoptosis. MATERIALS/METHODS: Cell morphology was observed by inverted microscope and cell viability was determined using a WelCount TM cell proliferation assay kit. Miconazole-induced ROS production was evaluated by fluorescence-activated cell sorting with 6-carboxy-2 ʹ,7ʹ-dichlorofluoroscein diacetate (H2DCF-DA) stain. Immunoblot analysis was used to determine apurinic/apyrimidinic endonuclease 1 (APE/Ref-1) and cleaved cysteine-aspartic protease (caspase) 3 expression. NADPH oxidase levels were measured using real-time polymerase chain reaction. 
INTRODUCTION 3)
Cardiovascular disease is a life-threatening and prevalent disorder in industrialized countries [1, 2] . It is caused by the narrowing of blood vessels, which can reduce the blood supply to the heart, thereby damaging the heart muscle [3] . Furthermore, acute coronary syndrome requires sudden therapy, such as in-stent treatment within 90 min, because it can cause permanent heart failure [4] . However, ischemia/reperfusion injury after in-stent therapy can generate high quantities of reactive oxygen species (ROS), consequently inducing oxidative stress and cardiomyocyte apoptosis [5] .
Miconazole, an azole antifungal agent, is used to treat cutaneous fungal diseases, including dermatophytosis, ringworm, and jock itch [6] . Miconazole exerts its antifungal activity by generating ROS, thereby inducing oxidative damage that kills fungi [7] . Superoxide (O2 -) and hydrogen peroxide (H2O2) are intracellular signaling molecules associated with damage in numerous cell types [8] . Moreover, ROS are closely related to heart failure, which is attributable to cardiomyocyte apoptosis. Apoptosis, or programmed cell death, is a homeostatic process that removes abnormal, mutated, or damaged cells. The apoptotic signaling pathway involves cysteine-aspartic protease (caspase) 3 cleavage. In contrast, cell proliferation increases the population of healthy cells [9] [10] [11] [12] . However, cellular replication is impossible in cardiomyocytes. Thus, identifying methods to prevent cardiomyocyte apoptosis is essential [13] .
Antioxidants can prevent major disorders, including cancer and heart disease [14, 15] . Moreover, antioxidant proteins can prevent apoptotic signaling pathways in damaged cardiomyocytes [16] . For example, the multifunctional antioxidant enzyme apurinic/apyrimidinic endonuclease 1 (APE/Ref-1) may prevent cardiomyocyte damage [17] . Rhamnetin, a flavonoid, is a bioactive polyphenolic compound that is commonly found in fruits and vegetables [18] . It is a potent antioxidant that exerts beneficial effects against oxidative-and free radical-mediated cell injury [19, 20] . However, the effect of rhamnetin on miconazole-mediated cardiomyocyte apoptosis remains unclear. Therefore, we explored the effect of rhamnetin on miconazole-induced H9c2 cardiomyoblast apoptosis.
MATERIALS AND METHODS

Materials
Miconazole (Fig. 1A) and rhamnetin ( Fig. 2A) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Cell culture materials were purchased from Gibco BRL (Gaithersburg, MD, USA). Anti-APE/Ref-1, anti-cleaved caspase3, and anti-GAPDH antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). All other chemicals were purchased from Sigma or Amersham Pharmacia (Piscataway, NJ, USA).
Cell culture
Rat embryonic cardiomyoblast-derived H9c2 cells were obtained from the American Type Culture Collection (Rockville, MD, USA). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS), 100 U/ml penicillin, 100 μg/ml streptomycin, and 200 mM glutamine, in a 95% air/5% CO2 atmosphere at 37°C. For all experiments, H9c2 cells were grown to 70-80% confluence and trypsinized every 3-5 days.
Cell viability and morphological changes
To determine cell viability, a 2,3-bis [2-methyloxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide (XTT) assay was employed using the WelCount TM cell proliferation assay kit (WELLGENE, Daegu, South Korea). H9c2 cells were harvested with trypsin-EDTA and resuspended in culture medium. H9c2 cells (5 × 10 3 cells/well) were then seeded in 96-well plates and cultivated in DMEM containing 10% FBS for 24 h. Cells were then cultivated in serum-free DMEM for 6 h, followed by incubation in serum-free medium containing rhamnetin or miconazole for 24 h. XTT dye was added to each well and incubated for 3 h. Formazan dye formation was quantitated with an enzymelinked immunosorbent assay reader at 450 nm. Morphological changes in the cells were observed, and images were captured under an inverted microscope connected to a digital camera (IX71; Olympus, Tokyo, Japan).
Measurement of intracellular ROS
Generation of intracellular ROS in H9c2 cells was measured using the green fluorescence probe 6-carboxy-2ʹ,7ʹ-dichlorofluoroscein diacetate (H2DCF-DA; Invitrogen, Rockville, MD, USA) and fluorescence-activated cell sorting (FACS; BD FACSCalibur TM ; BD Bioscience, San Jose, CA, USA).
Total RNA isolation and real-time polymerase chain reaction (qPCR)
Total RNA was isolated from cells using the Maglisto TM cell total RNA extraction kit (Bionner, Daejeon, Korea) according to the manufacturer's instructions. And, first strand cDNA was synthesized from 0.5 μg of total RNA using the Superscript TM II reverse transcription system (Invitrogen, Carlsbad, CA, USA) following the manufacturer's instructions. Real-time polymerase chain reaction (qPCR) was performed using 20 μL of the Accupower® GreenStar TM prermix (Bioneer, Daejeon, Korea) under the following conditions: initial denaturation (10 min, 95°C) followed by 40 cycles of denaturation (10 s, 95°C), annealing, and extension (30 s, 60°C). The following primers were used for the qPCR: NOX1, sense 5ʹ-TTCCTCACTGGCT GGGATA-3ʹ and anti-sense, 5ʹ-TGACAGCATTTGCGCAGGCT-3ʹ; NOX2, sense 5ʹ-CAGTGAAGATGTGTTCAGCT-3ʹ and anti-sense, 5ʹ -GCACAGCCAGTAGAAGTAGAT-3ʹ; NOX4, sense, 5ʹ-AGTCAAACA GATGGGATA-3ʹ and anti-senser, 5ʹ-TGTCCCATATGAGTTGTT-3ʹ; and GAPDH, sense 5ʹ-TGAACGGGAAGCTCACTGG -3ʹ and antisense 5ʹ-TCCACCACCCTGTTGCTGTA-3ʹ. The relative gene expression levels were determined by calculating the value of the Δcycle threshold (ΔCt), normalizing the average Ct value to the control GAPDH, and then calculating 2 -ΔΔCt .
Immunoblotting
Cells were lysed with cold extraction buffer (20 mM HEPES, 1% Nonidet P-40, 150 mM NaCl, 10% glycerol, 10 mM NaF, 1 mM Na3VO4, 2.5 mM 4-nitrophenylphosphate, 0.5 mM PMSF, and 1 tablet of complete proteinase inhibitor cocktail, pH 7.5). The lysates were centrifuged (13,000 × g, 15 min, 4°C), and the supernatants were collected. Protein concentrations were determined using the Bio-Rad DC protein assay reagent (Hercules, CA, USA). The protein homogenates were diluted 1:1 (v/v) with sodium dodecyl sulfate (SDS) sample buffer containing 40 mM Tris (pH 6.8), 8 mM EGTA, 4% 2-mercaptoethanol, 40% glycerol, 0.01% bromophenol blue, and 4% SDS and boiled for 5 min. Proteins (20 μg/lane) were separated using 12% polyacrylamide SDS gels and transferred electrophoretically to a polyvinylidene fluoride membrane (Millipore, Bedford, MA, USA). The membrane was then blocked for 1 h at room temperature with PBS containing 0.05% Tween 20 and 5% fat-free dried milk. The membranes were incubated with antibodies diluted 1:1,000 overnight at 4°C. Immune complexes were detected with horseradish peroxidase-conjugated antibodies (Amersham Pharmacia) diluted 1:1,000 and incubated for 1 h at room temperature. After application of the secondary antibody, the blots were incubated in enhanced chemiluminescence detection reagent (Amersham Pharmacia). Band intensity was analyzed by Luminescent Image Analyzer LAS-4000 (Fujifilm, Tokyo, Japan).
Statistical analysis
Data were expressed as the mean ± SE of the mean. Statistical evaluation of the data was performed using GraphPad prism, version 5.0 (GraphPad Software), the Student's t-test, and one-way analysis of variance (ANOVA) with Tukey's post-hoc test to compare the data. P-values less than 0.05 were considered statistically significant.
RESULTS
Miconazole induced H9c2 cell death and morphological changes
We performed cell viability assays to test miconazole-induced cell damage. H9c2 cells were treated with miconazole (3 and 10 μM) for 24 h. As the concentration of miconazole increased from 3 to 10 μM, the cell viability dose-dependently decreased (Fig. 1B) . Furthermore, concentration-dependent abnormal morphological changes were observed. Therefore, we used 3 μM miconazole in further experiments.
Rhamnetin protected H9c2 cells against miconazole-induced cell damage
H9c2 cells were treated with rhamnetin (1, 3, or 5 μM) and 3 μM miconazole for 24 h to evaluate the effects of rhamnetin on miconazole-induced cell death. As the concentration of rhamnetin increased, the cell viability increased in a dosedependent manner. In contrast, H9c2 cells treated with miconazole alone exhibited over 40% cell death. Treatment with rhamnetin (3 μM) for 24 h in the presence of miconazole (3 μM) did not alter cytotoxicity or morphology (Fig. 2) . Therefore, we used up to 3 μM rhamnetin in all experiments. 
Rhamnetin decreased miconazole-induced apoptosis in H9c2 cells
Cardiomyocte apoptosis contributes to abnormal morphological changes and these events are induced by miconazole [10] . During apoptosis, signaling molecules induce the expression of apoptosis regulatory proteins that underlie the caspase-3-dependent pathway [12] . Thus, to confirm the anti-apoptotic effect of rhamnetin during miconazole-induced apoptosis, we explored the expression levels of caspase 3 by western blot. As shown in Fig. 3 , miconazole treatment significantly increased cleaved-caspase 3, whereas rhamnetin treatment significantly decreased miconazole-induced caspase-3 cleavage in H9c2 cells.
Rhamnetin decreased miconazole-induced ROS-dependent signaling in H9c2 cells
Miconazole induces ROS generation, thereby elevating oxidative stress [7] . Therefore, we evaluated whether rhamnetin could reduce ROS generation and the expression of ROS-dependent proteins.
First, we evaluated the mRNA expression of the NOX family members, proteins upstream of H2O2, using real-time PCR with specific primers. Rhamnetin did not alter miconazole-induced expression of NOX family members in H9c2 cells. Next, we measured H2O2 by H2DCF-DA staining. Miconazole treatment increased H2O2 levels in H9c2 cells; however, this effect was attenuated by rhamnetin. In addition, we assessed APE/Ref-1 expression in the presence or absence of rhamnetin and/or miconazole. Rhamnetin significantly inhibited the miconazoleinduced reduction of APE/Ref-1 expression in H9c2 cells (Fig. 4) .
DISCUSSION
In the present study, we demonstrated that rhamnetin protects against miconazole-induced H9c2 cell death via the ROS pathway. Our results indicate that rhamnetin regulates APE/Ref-1 expression, thereby inhibiting miconazole-induced ROS generation and apoptosis. ROS are extremely unstable and reactive. Although ROS generated during respiration are removed from the body, residual ROS can induce oxidative stress, causing numerous diseases, including cancer, metabolic disorders, and cardiovascular disease [21] [22] [23] . In particular, heart muscle cells can be damaged by excessive oxidative stress due to hypoxia/ reperfusion following stenting or cardiac bypass surgery [24] . Our results indicate that rhamnetin inhibits miconazole-induced ROS production.
We evaluated the effect of rhamnetin on ROS-induced damage in H9c2 cells. Interestingly, rhamnetin did not alter miconazole-induced NOX1 expression in H9c2 cells. NOX family is an important enzymatic sources of ROS production, and generates superoxide radicals associated with pathological reactions, including inflammation, cell migration endothelial dysfunctions, vascular remodeling and apoptotic cell death [25, 26] . Upregulated expression of NOX family enzymes can induce apoptosis in cells [27] . In particular, NOX2 and NOX4 are highly expressed in cardiomyocytes, whereas NOX1 expression is relatively low [28, 29] . NOX1 is tightly associated with endotoxin stress-induced cardiomyocyte apoptosis [30] . Our results confirmed that miconazole induced ROS generation and NOX1 expression, whereas rhamnetin did not alter miconazoleinduced NOX1 expression in H9c2 cells. We hypothesized that rhamnetin may regulate ROS production downstream of superoxide, because rhamnetin limited H2O2 production. Park et al. demonstrated that rhamnetin upregulated the expression of manganese superoxide dismutase (MnSOD) and catalase following H2O2-induced cardiomyocyte damage [31] . However, these results raised other questions on the effect of rhamnetin, including how to regulate ROS-related signaling pathways.
To address this question, we evaluated the effect of rhamnetin on APE1/Ref-1 expression.
Especially, APE/Ref-1 protein, a ubiquitously expressed multifunctional protein, encodes the redox function and DNA repair activity as well as AP endonuclease, which induces redox homeostasis and repair of cellular DNA [32] . Won et al. demonstrated that overexpressed APE1 protects against miconazoleinduced cardiomyocyte damage [17] . In the present study, rhamnetin enhanced APE/Ref-1 expression in miconazole-treated H9c2 cells. Therefore, we propose that rhamnetin in foods may protect against heart failure.
Although research is necessary to validate the efficacy and establish the appropriate dietary levels of rhamnetin, reports suggest it may improve memory, reduce arthritis, and reduce cardiovascular disease [18] . Moreover, because nutrient imbalance in western diets may lead to heart disease, it is may represent a nutritional or functional food. Therefore, we propose that foods containing rhamnetin may protect cardiomyocytes. The results indicate that rhamnetin may effectively prevent cardiomyocyte dysfunction.
In conclusion, rhamnetin is a candidate for the treatment of heart dysfunction because of its ability to protect against miconazole-induced cell death. Furthermore, rhamnetin functions as a ROS scavenger through modulation of APE1/Ref-1 signaling.
